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Abstract

Obtaining enzymes through bioconversion depends on a complex relationship between
the microorganisms and the biomass used. Here, we evaluate xylanase production by
diverse actinobacterial species, cultivated using xylan as the sole carbon source and com-
plex media containing sorghum as the substrate. Fifty-three actinobacteria were tested for
xylanase production in a solid medium. Seventeen strains produced xylanase and were
tested for their ability to produce xylanase, total cellulases (filter paper activity, FPase), and
endoglycanase in submerged culture using a defined liquid medium. The best xylanase-
producing species was Streptomyces capoamus, yielding 24 TU-mL~!. For FPase, Streptomyces
sp. showed the highest yield (1.12 IU-mL™!); for endoglycanase, the best producer was
Streptomyces ossamyceticus (0.99 TU-mL~1). When sweet sorghum was used alone, S. curacoi,
S. ossamyceticus, and S. capoamus showed xylanase activities of 4.5 TU-mL~!, 4.4 TU-mL"},
and 0.8 IU-mL "}, respectively. However, FPase activity was not detected under the as-
say conditions. The results showed that there is an intraspecific difference in xylanase,
endoglucanase, and FPase production by actinobacteria, with the species S. curacoi, S.
ossamyceticus, and S. capoamus able to use sorghum as a carbon source, demonstrating
biotechnological potential.

Keywords: hemicellulosic substrates; enzymes; bioconversion; sorghum; actinobacteria

1. Introduction

Enzymatic hydrolysis is a sustainable method to convert biomass into biofuels and
biotechnological products [1]. This process has been shown to facilitate the release of
sugars that make up the plant’s cell wall without generating undesirable by-products [2].
From a commercial perspective, the high cost of these enzymes is directly related to the
substrates used to cultivate the producing microorganisms [3]. It is imperative to explore
the use of lower-cost, readily available substrates to increase the competitiveness of enzyme
production [3].

Agro-industrial residues have been documented as a potential means of reducing the
cost of enzyme production [4-6]. Sweet sorghum (Sorghum bicolor (L.) Moench), a C4 grass
with a high capacity to convert solar energy into chemical energy, can be used as a carbon
source to grow enzyme-producing microorganisms [6-8]. This sorghum variety has stalks
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with juice rich in fermentable sugars, like sugarcane juice. The processing of this juice meets
the demand to produce first-generation ethanol in the same facilities used for sugarcane [9].
The juice can be used to make sorghum syrup and sorghum molasses. The bagasse, which is
the resulting lignocellulosic biomass, has a higher biological value than sugarcane bagasse
for animal feed and can be used to generate heat, energy, second-generation ethanol [9-11]
and generate high value-added products such as oligosaccharides [12], lactic acid [13],
growth promoting substrates [14], biopesticides [15], bioplastics [16], biosurfactants [17]
solvents and bioactive compounds [18], butyric acid, hydrogen and methane [19] waxes,
proteins and allelopathic compounds such as sorgoleone, the latter a biomolecule that has
been studied as a natural herbicide [20,21] and algaecide [22] and is considered promising
in a biorefinery context.

The composition of plant biomass is mainly cellulose, hemicellulose, and lignin, which
can be broken down into fermentable sugars and high-value molecules [23]. The cell wall
of sorghum differs structurally from that of other grasses, such as maize. Studies suggest
that interactions between triple-threaded xylan and amorphous cellulose dominate the
architecture of the sorghum cell wall. In sorghum, the holocellulosic fraction (cellulose and
hemicellulose) is mainly made up of arabinoxylans, which show variations in the ratio
between the structural xylose and arabinose, forming a triple screw conformation due to
dense arabinosyl substitutions, in close proximity to cellulose [24]. The secondary cell
walls of sorghum have a high proportion of amorphous and crystalline cellulose compared
to those of dicotyledonous plants. In addition, the structure of the lignin in the plant
cell wall can vary in the ratio of syringyl/guaiacyl monolignols (5/G) between different
cultivars [25]. The diversity of plant cell wall constituents underscores the need to use
lignocellulosic biomass in enzyme production tests, as synthetic media may not reflect the
original structure to be transformed [19].

Deconstructing the plant cell wall requires a set of enzymes specific to the substrate,
which is why some microorganisms can use one carbon source to the detriment of another;
evolutionarily, they have acquired distinct genetic alterations directed by the environment
and their symbiotic relationships [26]. Additionally, different microorganisms respond
differently to this stimulus because they act synergistically in their natural environment.
Testing a substrate with different microorganisms helps determine its productive perfor-
mance. Studies show that different enzymes with the same activity from different organisms
vary in terms of robustness, temperature, and pH tolerance, which makes the taxonomic,
physiological, and ecological diversity of the organisms studied desirable [26]. Selecting
microorganisms that produce holocellulolytic enzymes will enable the construction of an
optimized cocktail for sorghum biomass to obtain monomers of interest.

Actinobacteria are among those microorganisms and have the potential to produce
enzymes capable of degrading holocellulose [27-29]. The significance of this production
extends beyond the agricultural sector, encompassing applications across food, pharmaceu-
ticals, textiles, and paper manufacturing [29]. In fact, actinobacterial enzymes can either
complement or substitute for chemical analogs, yielding satisfactory outcomes. Strepto-
myces species are among the leading producers of biologically active secondary metabolites,
with enzymes as the main products after antibiotics [30]. They can biodegrade various
recalcitrant organic molecules, thereby reducing the need for chemical additives to alter
biomass rheology [31]. From a commercial standpoint, the high cost of these enzymes is
directly related to the substrates utilized to cultivate the producing microorganisms. To
enhance the competitiveness of enzyme production, it is imperative to explore the use of
lower-cost, readily available substrates [28,32].

The description of new hydrolytic enzymes is an essential step in developing tech-
niques that use lignocellulosic materials as a starting point to produce fuels and derived

https:/ /doi.org/10.3390 /microbiolres17020031



Microbiol. Res. 2026, 17, 31

30f15

bioproducts. Therefore, the present study was carried out to evaluate the potential of
Actinobacteria isolated from Brazilian Cerrado soils, cultivated in synthetic medium (xylan)
and lignocellulosic biomass (sweet sorghum), to produce hydrolytic enzymes, including
xylanase, FPase, and endoglycanase.

2. Materials and Methods
2.1. Biomass

The sweet sorghum samples were obtained from experiments conducted by the
sorghum breeding program at Embrapa Maize and Sorghum—Sete Lagoas, Minas Gerais,
Brazil. The sweet sorghum stalks of the CMSXS5021 genotype were harvested by hand
and crushed in an IRBI DM540 chopper (IRBI, Aracatuba, SP, Brazil). The material was
then dried in a Solab model SL.102/96 air circulation oven (Solab, Limeira, SP, Brazil) at
65 °C until constant weight. The samples were then ground to a particle size of 2 mm
in a Willey-type knife mill R-TE-650/1 (Tecnal, Piracicaba, SP, Brazil). The physical and
chemical characterization was carried out according to the methodology described by the
National Renewable Energy Laboratory (NREL) [33-35].

2.2. Microorganisms

The experiment involved an initial screening of 53 strains previously isolated and iden-
tified in advance [36,37] belonging to the Collection of Multifunctional Microorganisms and
Phytopathogens of Embrapa Maize and Sorghum (CMMP-MS), Sete Lagoas, MG (Table 1).
The experiments were conducted at the Laboratory of Microbiology and Biochemistry of
Soils, part of Embrapa Maize and Sorghum.

Table 1. List of used actinobacteria.

Lineage Alelomicro Code Species
AE3]64 BRM 047877 Streptomyces sp.
A404 BRM 047951 Streptomyces chartreusis
AEPFSRII31 BRM 047955 Streptomyces phaeopurpureus
A505 BRM 047875 Streptomyces sp.
ACJ1 BRM 047719 Streptomyces ossamyceticus
A402 BRM 047981 Streptomyces sp.
LD16 BRM 047960 Streptomyces galbus
ACJ26 BRM 047077 Streptomyces capoamus
ARL]J55 BRM 047078 Streptomyces sp.
K18A18 BRM 047940 Streptomyces sp.
AMSJ45 BRM 047499 Streptomyces curacoi
A465 BRM 047878 Streptomyces sp.
ACSL1 BRM 047942 Streptomyces seymenliensis
AEPFSRII29 BRM 047723 Streptomyces scabiei
A509 BRM 047872 Streptomyces deserti
ARLJ51 BRM 047939 Streptomyces griseoruber
ARLJ49 BRM 047943 Amycolatopsis rhabdoformis
ACT115 BRM 047947 Streptomyces thioluteus
ARLJ48 BRM 047503 Streptomyces chiangmaiensis
ACTS83 BRM 047938 Streptomyces longwooddensis
Ale6 BRM 047941 Streptomyces griseoruber
A405 BRM 047944 Streptomyces sp.
AE3]57 BRM 047945 Streptomyces purpeofuscus
K10A10 BRM 047946 Streptomyces seymenliensis
ACT641 BRM 047948 Amycolatopsis rhabdoformis
LD27 BRM 047950 Streptomyces corchorusii
LD18 BRM 047953 Streptomyces phaeopurpureus
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Table 1. Cont.

Lineage Alelomicro Code Species
ACSL2 BRM 047954 Streptomyces chartreusis
A346 BRM 047956 Streptomyces endophyticus
A413 BRM 047957 Streptomyces sp.
AE3]76 BRM 047958 Streptomyces yunnanesnsis
A403 BRM 047959 Streptomyces sp.
Al2 BRM 047973 Kitasatospora atroaurantiaca
LD1 BRM 047974 Streptomyces massasporeus
AC77 BRM 047975 Kitasatospora phosalacinea
ACJ27 BRM 047976 Streptomyces sp.
AC54 BRM 047977 Streptomyces sasae
ACT645 BRM 047978 Streptomyces sp.
AC25 BRM 047979 Amycolatopsis rifamycinica
ACTS80 BRM 047980 Streptomyces phaeochromogenes
ACI1 BRM 047982 Streptomyces yunnanesnsis
ACe67 BRM 047983 Streptomyces phaeopurpureus
AC27 BRM 047984 Streptomyces lydicus
AC50 BRM 047985 Streptomyces sampsonii
AC18 BRM 047986 Streptomyces longwoodensis
A517 BRM 047987 Streptomyces phaeochromogenes
ACJ17 BRM 047988 Streptomyces bangladeshensis
ACTo4 BRM 047990 Streptomyces coacervatus
ACT627 BRM 047991 Streptomyces sp.
AEPFSRII5 BRM 047992 Streptomyces olivochromogenes
AC73 BRM 048230 Streptomyces sp.
A450 BRM 047937 Amycolatopsis bullii
LD28 BRM 047936 Streptomyces sp.

2.3. Selection of Xylanase-Producing Actinobacteria and Cultivation Conditions

Microorganisms were selected by identifying xylanase enzyme activity in a solid
medium, as follows. Colonies isolated from each bacterial strain grown in BDA medium
were resuspended in a sterile 0.85% saline solution, and 200 uL aliquots of this suspension
were distributed in ELISA plate wells containing 96 cavities. Subsequently, a sample of
each suspension was transferred to a 150 x 15 mm? Petri dish containing 10 g L~! xylan
medium (beechwood xylan, Sigma-Aldrich, St. Louis, MO, USA). The following substances
were used in the experiment: 0.6 g L~! yeast extract, 7.0 g L~! KH,POy, 2.0 g L~1 K,HPO,,
01lg L1 MgS0O,4-7Hy0,1.0 g L~1 (NH,),S04, 15 g L1 agar. The pH was corrected to
5.3. The halos surrounding each colony were measured using a universal analog caliper
(series 530, Mitutoyo Corporation, kawasaki, Kanagawa, Japan) after a 72 h incubation
period at 30 °C. These halos represent the xylan-degrading capacity of the samples, and
their enzymatic indices (EI) were estimated according to the methodology recommended
by LOPES et al. [38]. The EI was calculated using the following equation: EI = ratio of halo
diameter /ratio of colony diameter.

The degradation halo was revealed using Congo Red (1%), followed by successive
washes with 1 M NaCl and stabilization of the growth by a wash/flood of the plate with
1 M HCI[39,40].

2.4. Evaluation of Enzymatic Activity on Beechwood Xylan in Submerged Fermentation (Smf)

The capacity of Actinobacteria to produce xylanase in a liquid medium containing
xylan as a carbon source was investigated. The medium contained 10.0 g-L~! xylan (xylan
beechwood—Sigma-Aldrich; St. Louis, MO, USA). The following substances were used:
3.0 g L7! yeast extract, 7.0 g L~! KH,POy, 2.0 g L1 KHPOy, 0.1 g L~! MgSO,4-7H,0,

https:/ /doi.org/10.3390 /microbiolres17020031



Microbiol. Res. 2026, 17, 31

50f 15

1.0 g L~ (NH4)2S04, 5.0 g L~ peptone. The pH was corrected to 6.0. The media were
sterilized at 121 °C for 20 min. A fully colonized mycelial disk was transferred to a 50 mL
Erlenmeyer flask containing 30 mL of the previously described culture medium. The
inoculum was cultivated for 48 h at 150 rpm and 30 °C.

2.5. Evaluation of Enzymatic Activity in Submerged Fermentation (Smf) of Lignocellulosic
Biomass Using Sweet Sorghum as the Sole Carbon Source

For this evaluation, the sweet sorghum CMSXS5021 line was used. The CMSXS5021
line is a fertility-restoring (R) line and is being used as a male parent to obtain sweet
sorghum hybrids. This line was selected for its high combining ability, resulting in hybrids
with high biomass production and high stalk sugar/fiber content during final hybrid
evaluation trials in recent harvests across different regions of the country. The CMSXS5021
line is sensitive to photoperiod, and its hybrids have a long cycle in spring sowing, an
average flowering time of 120 to 150 days, and a height greater than 5 m with fresh
biomass production exceeding 60 t ha~?, resistance to lodging, and moderate resistance to
anthracnose, helminthosporium leaf spot, and rust. The line and its hybrids are suitable
as raw materials for ethanol production, and its bagasse for steam/energy cogeneration
and/or second-generation ethanol /biogas production.

The tests started by transferring 1 mL of a cell suspension (108 cells mL.~!) obtained
from an initial inoculum produced in liquid medium, as described in the previous section,
after 24 h of culture. The actinobacteria were inoculated into a liquid medium containing
1% w/v fresh, dried sweet sorghum biomass CMSXS 5021 (without pretreatment) as the
sole carbon source, along with 0.01 g Ko,HPO4- L™, (NH4),SO4 0.01 g-L’l, NaCl10.01 g-L’l,
and MgSO,-7H,0 0.01 g-L’1 [41]. The media were sterilized at 121 °C for 20 min. For this
stage, three batches of inoculum were grown, the first for 48 h, the second for 72 h, and the
third for 96 h at a rotational velocity of 150 rpm and a temperature of 30 °C.

2.6. Determination of Enzymatic Activities

Following the conclusion of the fermentation period, the medium was filtered using
qualitative filter paper, Whatman N°1 (GE Healthcare Life Sciences; Piscataway, NJ, USA).
The medium was then centrifuged at 10,000 rpm and 5 °C for 10 min. To evaluate enzyme
activity, the crude cell-free supernatant was used as the enzyme source.

To ascertain the xylanase activity, 10 uL of the crude supernatant was added to 20 uL
of xylan (xylan beechwood 2%—Sigma-Aldrich; St. Louis, MO, USA) (w/v) (substrate)
with sodium citrate/citric acid buffer (0.1 M, pH 6.0).

For the FPase (Filter paper activity—total cellulases) activity assay, Whatman® filter
paper disks were used as the substrate with sodium citrate/citric acid buffer (0.1 M, pH
5.0), and the reaction was conducted for 60 min at 50 °C.

-Glucosidase activity was measured using 15 mM cellobiose as the substrate in a
sodium citrate/citric acid buffer (0.1 M, pH 5.0) for a 30 min reaction at 50 °C.

The substrate blank was fabricated by replacing the enzyme volume with sodium cit-
rate/ citric acid buffer (0.1 M, pH 5.0), and the enzyme blank was fabricated by replacing the
substrate with buffer. For the negative control, the assay did not contain exogenous substrate.

After the enzymatic hydrolysis reaction, the DNS (Dinitrosalicylic acid) method [41] de-
termined the release of sugars by measuring absorbance at 540 nm with a spectrophotometer
FLUOstar Omega (BMG LABTECH, Ortenberg, Germany) using the Omega—Control soft-
ware (program version 3.31, BMG LABTECH, Ortenberg, Germany). Enzymatic hydrolysis
and DNS (3,5-dinitrosalicylic acid) reaction activities were performed in a Veriti 96-Well
Thermal Cycler (Applied Biosystems, Foster City, CA, USA).
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One unit of enzymatic activity (IU) was defined as the amount of enzyme required to
produce 1 pmol of reducing sugar from each substrate per minute under the conditions
described in the assay.

2.7. Data Analysis

All experiments were performed in biological triplicate. The data were analyzed using
analysis of variance and the Scott-Knott test, with results considered significant at the
p <0.05 level in the R software environment (version 4.5.1) [42].

3. Results
3.1. Preliminary Screening

In the preliminary assay, xylan degradation was observed in only 17 of the 53 tested
strains (Figure 1).

A

Figure 1. Hydrolysis halos in solid media containing xylan as the sole carbon source. Actinobacteria
grown in Petri dishes on a solid medium containing xylan as the sole carbon source (1%) to reveal
a hydrolysis halo. (A-C) Visualization of halos. Highlighted in a black circle for better visualiza-
tion. The strains (A505) Streptomyces sp., (AMS]45) Streptomyces curacoi, (ARL]J49) Amycolatopsis
rhabdoformis, (ACSL1) Streptomyces seymenliensis, (A404) Streptomyces chartreusis, (A465) Streptomyces
sp., (ARL]J51) Streptomyces griseoruber, (ARL]55) Streptomyces sp., (ACJ1) Streptomyces ossamyceticus,
(ACJ26) Streptomyces capoamus, (ARLJ48) Streptomyces chiangmaiensis, (A509) Streptomyces deserti,
(ACT115) Streptomyces thioluteus, (AE3]64) Streptomyces sp., (A402) Streptomyces sp., (AEPFSRII31)
Streptomyces phacopurpureus, (K18 A18) Streptomyces sp. were able to meet the criterion of EI > 2.5.

All strains had an EI > 2.5 (Table 2). In this study, 32% of microorganisms showed
positive xylanase production, thereby meeting the selection criterion of exceeding 2.5 (EI).

Table 2. List of Actinobacteria isolates from the Embrapa Maize and Sorghum Collection of Multifunctional
Microorganisms and Phytopathogens (CMMP-MS) that have been selected by the enzymatic index (IE).

Isolated Species Enzyme Index (EI)
A505 Streptomyces sp. 6.5
AMSJ45 Streptomyces curacoi 57
ARLJ49 Amycolatopsis rhabdoformis 5.6
ACSL1 Streptomyces seymenliensis 4.5
A404 Streptomyces chartreusis 4
A465 Streptomyces sp. 4
ARLJ51 Streptomyces griseoruber 3.3
ARL]J55 Streptomyces sp. 3.3
ACJ1 Streptomyces ossamyceticus 3
ACJ26 Streptomyces capoamus 3
ARLJ48 Streptomyces chiangmaiensis 3
A509 Streptomyces deserti 3
ACT115 Streptomyces thioluteus 3
AE3]64 Streptomyces sp. 2.5
A402 Streptomyces sp. 2.5
AEPFSRII31 Streptomyces phaeopurpureus 25
K18A18 Streptomyces sp. 2.5
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3.2. Enzymatic Activity on Beechwood Xylan in Submerged Fermentation (Smf)

All 17 actinobacteria selected by EI in the solid culture stage produced enzymes in
submerged culture when xylan was the sole carbon source (Figure 2).
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Figure 2. Xylanase enzymatic activity in submerged culture containing xylan as the only carbon
source. Different letters (a, b, ¢, d, ) indicate statistical differences according to the Scott-Knott test
(p < 0.05).

In the submerged culture test using a medium containing xylan as the sole car-
bon source, the actinobacterium Streptomyces capoamus (ACJ26) was the best producer
(12 £+ 1.76 IU-mL 1), which differed statistically from the others. In second place, Strep-
tomyces chiangmaiensis (ARLJ48) and Streptomyces thiolutheus (ACT115) were the best pro-
ducers, presenting (10 + 2.9 TU-mL~!) and (10 + 0.11 IU-mL™1), respectively, with no
statistical difference between them and differing statistically from the others. Ranked
third in enzyme production, Streptomyces ossamyceticus (ACJ1) with (7 + 0.33 IU-mL~1).
Streptomyces sp. (A465) (4 £ 1 IU-mL™1), Streptomyces curacoi (AMS]45) (3 + 0.75 IU-mL™1),
Amycolatopsis rhabdoformis (ARLJ49) (3 4 0.43 TU-mL 1), Streptomyces griseoruber (ARL]51)
(3+0.11 TU-mL™1Y), Streptomyces sp. (A505) (2 £+ 0.48 IU-mL™!) and Streptomyces deserti
(A509) (2 & 0.25 IU-mL~!) were the fourth producing group with no statistical difference
between them and the strains (AE3]64) Streptomyces sp. (2 + 0.56 IU-mL™), Strepto-
myces chartreusis (A404) (1 £ 0.52 TU-mL~1), Streptomyces phaeopurpureus (AEPFSRII31)
(1 £ 0.06 IU-mL~1), Streptomyces sp. (A402) (0.66 + 0.30 TU-mL 1), Streptomyces seymen-
liensis (ACSL1) (0.66 4 0.25 TU-mL ™!, Streptomyces sp. (K18A18) (0.33 &+ 0.27 IU-mL™),
Streptomyces sp. (ARL55) (0.33 £ 0.48 IU-mL™1) present basal enzyme production, not
differing statistically from the control.

3.3. Enzymatic Activity in Submerged Culture Using Xylan as the Only Carbon Source

The six best producers of xylanase enzyme in submerged culture, Streptomyces capoa-
mus (ACJ26), Streptomyces chiangmaiensis (ARLJ48), Streptomyces thiolutheus (ACT115), Strep-
tomyces sp. (A465), Streptomyces curacoi (AMS]45), and Amycolatopsis rhabdoformis (ARL]J49),
were selected for further evaluation of their cellulolytic and xylanolytic activity. The activity
of the enzymes xylanase, endoglycanase, and FPase (Table 3) was measured using the crude
supernatant obtained at the end of 48 h of submerged fermentation.

https://doi.org/10.3390/microbiolres17020031
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Table 3. Evaluation of enzymatic activity using a crude supernatant obtained from a culture of
actinobacteria in a medium containing xylan (Sigma Aldrich) as the sole carbon source. Xylanase,
FPase, and Endoglucanase produced by the actinobacteria S. ossamyceticus (ACJ1), S. capoamus (ACJ26),
S. curacoi (AMSJ45), Streptomyces sp. (A465), S. chiangmaiensis (ARL]J48), and S. thiolutheus (ACT115)
were evaluated at 48 h.

Enzymatic Activity (IU-mL—1)

ACJ1 ACJ26 AMSJ45 A465 ARLJ48 ACT115  Control
Xylanase 19+216 244352 027+£0.14 ND 5+158  053+0.15 ND
FPase ND 016+007 01+£003 1124+037 064+£03 014003 ND
Endoglycanase 099 +0.15 0.03+0.01 0.18+0.03 0.08 = 0.01 ND 0.21 £ 0.05 ND

Legend: ND Not Detected.

The activities for xylanase using xylan were identified. As demonstrated in Figure 3,
S. capoamus (ACJ26) was the most prolific producer, reaching 24 TU-mL~!. For FPase, the
highest activity was observed in Streptomyces sp. (A465), with a value of 1.12 IU-mL L.

30 1.2

25 1

20 0.8
15 0.6
10 0.4
5 0.2
: = i ;

CONTROL A465 AMSJ45 ACT115 ARLJ48 ACJ1 ACJ26
Actinobacteria

Xylanase (IlU.mL™)

Endoglycanase and FPase (IU.mL™?)

W Xylanase [OFpase M Endoglucanase

Figure 3. Enzymatic activity of xylanase, FPase, and endoglycanase produced by actinobacteria when
grown in a medium containing xylan as the sole carbon source.

3.4. Enzymatic Activity in Submerged Cultivation Using Sweet Sorghum Biomass as the Only
Carbon Source

The carbon source in the growing medium for this step of the assay was dry sweet
sorghum stalk biomass. The chemical composition of the sorghum biomass used in the test
was investigated in relation to its structural sugars. The results are shown in Table 4.

Table 4. Structural sugars of sweet sorghum and lignin composition.

Composition (%)

Sample : : —
Cellulose Hemicellulose Arabinans Lignin
Sorghum (in
natura) 42.02 +0.24 24.05 £+ 0.29 2.0+ 0.03 23.66 + 0.65

(CMSXS5021)

In the present study, the highest values of xylanase activity were recorded after 96 h of
fermentation, when the actinobacterium S. curacoi (AMS]45) exhibited the highest activity
(4.5 +0.31U-mL~1), followed by S. ossamyceticus (ACJ1) (4.4 £ 0.9 TU-mL~1) and S. capoamus
(ACJ26) (0.8 & 0.07 IU-mL™1).

https://doi.org/10.3390/microbiolres17020031



Microbiol. Res. 2026, 17, 31

9of 15

In the submerged fermentation assay using sweet sorghum biomass as the sole carbon
source, FPase and endoglucanase enzymatic activity could not be detected at any of the
evaluated time points, as per the assay conditions.

4. Discussion
4.1. Preliminary Screening

Xylanase activity was used as the primary criterion for selecting strains capable of
expressing xylanase in a solid medium. This was followed by the obtention of a crude
supernatant from the liquid medium, which was expected to contribute to the deconstruc-
tion of the hemicellulosic fraction of plant biomass. It is acknowledged that the enzymatic
index, as defined on soil medium, may not reflect the enzyme production in submerged
fermentation. Therefore, all microorganisms tested for xylanase production in the solid
medium were also tested in the liquid medium. This procedure is followed because acti-
nobacteria exhibit substantial heterogeneity in their developmental and metabolic processes
across diverse response surfaces. It is well known that most actinobacteria do not complete
their sporulation cycle in liquid medium, and their physiology is directly linked to the
production of metabolites, such as extracellular enzymes [43].

Among the seventeen actinobacteria tested on solid media, the three strains with
the highest EI were Streptomyces sp. (A505), S. curacoi (AMS]45), and Amycolatopsis rhabd-
oformis (ARJ49) with Els of 6.5, 5.7, and 5.6, respectively, indicating good expression of
the enzyme on solid media. In turn, the three best producers of the xylanase enzyme in
submerged culture were Streptomyces capoamus (ACJ26), with (12 £ 1.76 IU-mL™1!), Strep-
tomyces chiangmaiensis (ARLJ48), with (10 4 2.9 TU-mL~1!), and S. thiolutheus (ACT115),
with (10 & 0.11 TU-mL™1), differing from the best producers in solid medium. These results
show that the culture medium interferes with enzyme expression, not only with respect to
the composition of the substrate but also with the culture medium’s physical conditions,
depending on the physiological response of the tested microorganisms.

Several authors have described the enzyme index (EI) as a reproducible and straight-
forward method for evaluating the enzymatic activity of microorganisms isolated from
diverse environments in solid media. These include Dornelas et al. [36], who, in their
work characterizing actinobacteria isolated from Cerrado soil, found amylase, cellulase,
and lipase activity in most of the tested isolates. Among these, the strains S. ossamyceticus
(ACJ1) and S. capoamus (ACJ26) showed EI values of 4.42 and 3.83, respectively, for cellulase
using carboxymethylcellulose as a substrate. In the present study, xylan was used as a
substrate in the solid medium, and the same microorganisms showed an EI of 3 for xylanase
activity. Omar et al. and Sanjivkumar et al. [43,44] reported a maximum EI of 3.25 for the
actinobacteria tested for xylanase production, i.e., values lower than those reported in this
study, indicating significant variability among the samples.

Integrating these two processes proved particularly valuable. This is because choos-
ing the method of enzyme production considers the microorganism’s morphophysiology
and how it can affect substrate hydrolysis [26]. Actinobacteria can produce filamentous
vegetative cells that adhere to solid surfaces [45]. In liquid media, they can produce
exopolysaccharides, forming structures that capture particulates from xylan or biomass sus-
pended in the medium, demonstrating different strategies for nutrient capture depending
on the environment in which they are inserted [46].

4.2. Enzymatic Activity on Beechwood Xylan in Submerged Fermentation (Smf)

The literature shows that the xylanolytic activity of enzymes produced by Strep-
tomyces varies across species and cultivation conditions. Tuncer et al. [47] obtained
2241 TU-mL~! in optimized production conditions in a medium containing oat xylan
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after 4 days of incubation at 30 °C. Here, the best producer, Streptomyces capoamus (ACJ26),
reached an activity of 12 £ 1.76 IU-mL~" after 48 h. Nascimento et al. [48], working with
actinobacteria isolated from Cerrado soil, observed xylanase activities of 70 U-mL~! with
Larchwood’s xylan as substrate. Higher activity values were observed here, but after a
longer cultivation time. Cultivation time can be crucial for determining enzymatic activity,
as some actinobacterial strains grow slowly, requiring a longer production interval. Ac-
tivities that investigate optimization models are also helpful in improving activity levels
because they yield comparatively higher values than the initial screening, thereby promot-
ing adjustments in nutritional, physical, and chemical parameters to improve production.

In previous work, Dornelas et al. [36] evaluated endoglycanase production (CMcase)
by S. ossamyceticus (ACJ1) and S. capoamus (ACJ26) in solid medium using CMC as substrate.
Their hypothesis was corroborated in the present study, now in liquid medium, though
with a very low endoglycanase production. In addition, S. ossamyceticus (ACJ1) did not
show FPase activity in any of the tests. The FPase activity of S. capoamus (ACJ26) was also
considered low (0.16 U-mL~!). This suggests that both actinobacterial strains could be used
to degrade xylan in processes where cellulolytic enzymes should be absent [49].

In studies evaluating the production of cellulase-free xylanases by Streptomyces sp.,
Techapun et al. [50] and Praddeep et al. [51] observed enzymatic activities of 12.5 U-mL™!
and 4197.1 U-mL ™}, respectively, using milled sugarcane bagasse and wheat bran as carbon
sources. The initial study yielded results lower than those observed here, whereas the
second study reported significantly higher values. This discrepancy can be attributed
to the methodology used in the second study, which included a purification step of the
enzyme. These microorganisms are recommended for the paper bleaching industry, as it is
considered an eco-friendly bleaching method that significantly reduces the load of toxic
waste from lignin chlorination [51,52].

In his work with actinobacteria isolated from soil, Hamedi [52] reported a pulp bleach-
ing process for paper production that reduced the use of chlorinates by 25% when using
only fermentation juice, without enzymatic purification. The results were comparable to
those obtained with purified broth, reinforcing the idea that biotechnological approaches
are environmentally friendly and serve as alternatives to traditional chemical methods.
Porsuk [49] reported values of 255 U mL~! in an optimized assay at 60 °C, using a medium
supplemented with yeast extract and xylan spelt, under submerged fermentation at an
alkaline pH.

4.3. Enzymatic Activity in Submerged Cultivation Using Sweet Sorghum Biomass as the Only
Carbon Source

S. ossamyceticus (ACJ1), S. capoamus (ACJ26), and S. curacoi (AMS]45) demonstrated
the ability to produce xylanase using sweet sorghum as the only carbon source. In contrast,
this enzyme was undetected under the same experimental conditions in Streptomyces sp.
(A465), S. chiangmaiensis (ARLJ48), and S. thioluteus (ACT115), indicating intraspecific
variation in xylanase expression within the genus Streptomyces. In addition, the observed
difference may be due to the biomass used, as sorghum has not undergone pretreatment.
The pretreatment influences the availability of hydrolyzable fractions of the plant cell
wall, which require the coordinated action of several enzymes and auxiliary molecules for
effective degradation [53-56].

Regarding the incubation period for xylanase production, enzyme activity was de-
tected after 48 h when xylan was used as the sole carbon source. On the other hand, the
highest xylanase production with sorghum was reached after 96 h. Although xylanase pro-
duction was lower and with a more extended incubation period, the result was considered
satisfactory given that plant cell walls are interwoven structures that are recalcitrant to
degradation [57,58]. Even so, three strains were able to use the biomass. Some hypotheses
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may explain the delay in detecting the sugars, such as the concentration of the initial
inoculum, the consumption of sugars released to maintain cell growth [56,59], and the
lignin content of sorghum (around 23%), which may prevent the enzymes from accessing
the hemicellulose fractions, limiting the performance of the strains evaluated [59].

Previous studies indicate that xylanase production from sorghum as a carbon source
can vary significantly depending on experimental conditions. For example, Adhyaru [60]
reported higher xylanase production from sorghum than from other agricultural residues,
with an optimal biomass concentration of 3%, a value higher than the 1% used in this work.
Nitrogen is required for the biosynthesis of enzymes and other biological molecules, and a
nitrogen deficit may underestimate microbial production. Dias [61] reported that sorghum,
when used as a substrate to induce lignocellulolytic enzymes by filamentous fungi (A.
niger) in solid culture, was most effective when supplemented with 0.5% peptone. The best
fermentation condition for xylanase activity was 300 U/g. This result demonstrates that
the use of sorghum can be optimized, since it has a lower nitrogen content than peptone, a
commonly used nitrogen source. Danso [62], in his test with an actinobacterium isolated
from termites, obtained cellulase and xylanase production after ten days of cultivation in
a medium containing 15 g-L~! wheat straw and yeast extract at 1.5%-L~! of wheat straw
and 1.5% yeast extract. The activities were estimated at 6.560 and 0.866 U mL ™!, respec-
tively, values very close to those obtained in the present work, even without nutritional
enrichment, when sorghum was used.

The results demonstrate that the enzymatic activity of the actinobacteria tested using
sweet sorghum biomass as the sole carbon source may be promising and can be optimized
in future studies, mainly because the sorghum used in this study has not undergone any
prior chemical pretreatment. In contrast, no detectable FPase activity has been observed.
The highest xylanase production was observed after 96 h of fermentation, and S. curacoi
(AMS]J45), S. ossamyceticus (ACJ1), and S. capoamus (ACJ26) were the best producers. This
finding suggests that sorghum is a viable option for the microorganisms under discussion.

5. Conclusions

Among the actinobacterial strains evaluated for xylanase production in solid medium,
32% showed an El between 2.5 and 6.5, indicating a good enzyme production relative to cell
growth. In submerged fermentation tests, the species S. capoamus (ACJ26) and Streptomyces
ossamyceticus (ACJ1) stood out for their ability to produce endoxylanase with Beechwood
xylan as a carbon source, indicating their biotechnological potential for processes that
require xylanolytic enzymes. Its activities reached 24 TU-mL~! and 19 IU-mL~!, respectively.
The work showed that there are intraspecific differences between actinobacteria for the
enzymatic production of xylanase, Fpase, and Endoglucanase, with Streptomyces being
the most representative group among the tested strains. We also concluded that the
actinobacteria S. curacoi (AMS]45), S. ossamyceticus (ACJ1), and S. capoamus (ACJ26), with
results of 4.5 [TU-mL™!, 44 TU-mL~! and 0.8 [U-mL™!, respectively, were able to use
sweet sorghum biomass as the sole carbon source to induce the production of xylanolytic
enzymes without any pretreatment of the biomass. Finally, S. curacoi (AMS]45), Streptomyces
sp- (A465), S. ossamyceticus (ACJ1), S. capoamus (ACJ26), S. chiangmaiensis (ARL]48), and
S. thiolutheus (ACT115) did not show FPase activity using sweet sorghum as the only
carbon source.

Overall, the production of holocellulolytic enzymes by the actinobacterial strains
varied among individual isolates. Sweet sorghum induced xylanase activity in certain
strains. However, responses varied considerably, possibly because some strains were
unable to produce other enzymes needed to degrade sorghum biomass, given the diversity
of traits, such as enhanced robustness, temperature tolerance, and pH stability. Such
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taxonomic, physiological, and ecological diversity is crucial for bioprospection aimed at
enhancing enzymatic hydrolysis to convert plant biomass into fermentable sugars. Future
work should focus on process optimization and detailed enzymatic characterization to
better understand the capabilities and limitations of these actinobacteria.
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